In this paper, in order to investigate the effect of working parameters on 3D non-premixed Flameless oxidation occurring in the IFRF furnace, large eddy simulation model is applied on OpenFOAM environment. The radiation and combustion are modeled by applying the finite volume discrete ordinate model and partially stirred reactor, respectively. Furthermore the detailed mechanism GRI-2.11 is undertaken represent chemistry reactions. The obtained results are compared with the published experimental measurements. After ensuring the accuracy of the LES method, the combustion characteristics are examined with different fuel injection angles, adding H 2 O, H 2 , and the inlet Reynolds number. The results indicated significant changes in the characteristics of the Flameless oxidation process.
HEADING
The energy production and its consumption have always been one of the human's main concerns. Nowadays, regarding the restriction of the fossil energy resources and their environmental impacts, the researchers are trying to investigate an appropriate solution for energy saving and the reduction of pollutant emissions. In the recent years, new methodologies are presented for substantial energy savings and dramatic reduction in CO and NO x emissions. One of the approaches is the application of Flameless oxidation (FLOX) technology. FLOX technology was initially developed to minimize NO x emissions produced in industrial furnaces using high temperature preheated air [1] . In FLOX technology, the input temperature of reactants is higher, while the temperature rise during combustion is lower than the self-ignition temperature of the reactant mixture [2] . This new technology is also named "Moderate or Intense Lowoxygen Dilution (MILD)" and "high temperature air combustion (HiTAC)".
In the last two decades, this type of combustion has examined experimentally and numerically. Weber et al. [3] investigated experimentally the MILD combustion of different fuels, i.e., natural gas (NG), light fuel oil (LFO), heavy fuel oil (HFO), and coal. In their investigation, the oxidizer included 20% oxygen, 60% nitrogen, 14% water vapor, and 6% carbon dioxide at 1300 o C. They found that the MILD combustion process of light oil was similar to that of natural gas to a great deal while the MILD combustions of heavy fuel oil and coal were significantly different always with visible flames. Lille et al. [4] experimentally studied HiTAC combustion of a single fuel jet of Gasol (> 95% of propane). Their studies revealed that the combustion of Gasol in hot and oxygen depleted flue gases appeared to be so stable and complete. They also found that reduced oxygen concentration in the flue gases increased the flame size and lift-off distance but decreased luminosity and visibility. Their results displayed that the HiTAC flame becomes first bluish then appeared to be non-visible at the oxygen concentration below 15% in the oxidizer. Their measurement of reactant concentrations inside the combustion chamber confirmed that the HiTAC flame volume and surface were much larger than conventional combustion. Very low emissions of exhaust NO x and CO were measured in their experiment. Colorado et al. [5] investigated experimentally performance of FLOX using biogas and natural gas. They found that, in both cases, NO x and CO emissions were very low, lower than 3 ppm and 16 ppm, respectively. When the system was fueled by biogas, the efficiency was 2% lower than in the case of natural gas combustion, and a minor reduction of the temperature field was found. A study by Danon et al. [6] on low calorific value fuels used in MILD combustion shows that low NO x emissions were achieved. The characteristics of a multi-burner Flameless oxidation furnace were investigated experimentally [7] [8] and numerically [9] in the semi-industrial 300kW regenerative FLOX system available in the Process & Energy Laboratory of TU Delft. Burner configurations (their positioning) and operating modes (parallel and staggered firing) were compared in the combustion tests performed, studying their effect on furnace efficiency, emissions (NO, CO) and temperature uniformity. The results showed that the parallel mode has lower emissions of NO x and CO due to the temperature uniformity [10] . Also, it was observed that the NO x emissions in stagger mode are systematically higher than in parallel mode for all positions. These results were found under the same operating condition (i.e. Preheated combustion air, combustion air and fuel flow rates). Furthermore, comparisons between horizontal configuration and triangular configuration, horizontal configuration showed lower NO x emission than the triangular configuration [11] .
There are a great number of relevant numerical studies available in the literature. Christo and Dally [12] tested several models for MILD combustion and found that the eddy dissipation concept (EDC) model with a detailed kinetic scheme was the best. Recently, HiTAC was also simulated for coal [13] [14] [15] . Mardani and Tabejamaat [16] studied the effect of H 2 on H 2 -CH 4 turbulent non-premixed flame under MILD combustion regime by using CFD. They found that the reduction of hydrogen in fuel lead to enlarge the reaction zone volume, and to reduce the mixture fraction and strain rate. Moreover, the radial spreading of flame decreased by addition of hydrogen to the fuel mixture. Mardani et al. [17] studied numerically the importance of molecular diffusion versus turbulent transport in the MILD combustion mode. Their results demonstrated that the molecular diffusion in MILD combustion could not be ignored in comparison with the turbulent transport. They also observed that the inclusion method of molecular diffusion in combustion modeling had a considerable effect on the accuracy of numerical modeling of MILD combustion. Their results showed that by decreasing the jet Reynolds number and the oxygen concentration in the airflow or increasing H 2 in the fuel mixture, the influence of molecular diffusion on MILD combustion increased. Mi et al. [18] investigated the influence of the injection momentum rate of premixed air and fuel on the MILD combustion in a recuperative combustion chamber by using the computational fluid dynamic (CFD). They found that the flue gas recirculation played an essential role in establishing the premixed MILD combustion. They also found that there was a critical momentum rate of the fuel-air mixture, under which the MILD combustion did not happen. Moreover, the momentum rate of the fuel-air mixture had a less significant influence on conventional global combustion than on MILD combustion. Parente et al. [19] presented a simplified modeling approach for the prediction of NO x formation in MILD combustion at low temperatures with high concentration of H 2 in the fuel stream for a semi-industrial combustion chamber. They compared CFD predictions with the experimental data. Their examination indicated that the proposed CFD model had the capability to provide a satisfactory description of the system over the wide range of operating conditions. Also, they found that reasonable predictions of NO x formation were achieved only when an accurate characterization of the temperature field taking into account of all the relevant NO x formation routes of the investigated operating conditions. For instance, the inclusion of nonconventional NO x formation routes, N 2 O and NNH, were crucial for characterizing the pollutant emissions from the combustion at low temperatures and with hydrogen added fuel. Vascellari et al. [15] investigated the MILD combustion of pulverized coal numerically, using a new heterogeneous combustion sub-model. Coelho and Peters [20] , Ihme and Chee [21] , and Afarin and Tabejamaat [22] confirmed the large eddy simulation (LES) for modeling the FLOX combustion.
Due to immense applications of this technology in the various industries, and with regard to previous studies, this technology requires further investigations to understand the behavior of different modes of combustion. In the present study, FLOX technology is simulated using OpenFOAM environment. In this context, LES method and partially stirred reactor (PaSR) are applied in order to model turbulence and combustion, respectively. The flow field is discretized using the control volume method and PISO algorithm coupled the pressure and velocity fields. The results are compared with the available experimental data [23] . The good agreement between the present numerical and published experimental data [23] validates the used method and confirms its ability to model the similar cases. After verifying the results of simulation, the effects of using injection with an angle into the combustion chamber, effect of adding H 2 O, H 2 , and also the inlet Reynolds number on several working parameters are examined.
MATHEMATICAL MODEL
The governing equations including the Favre-averaged form of continuity, momentum, energy, species conservation, and LES equations are solved in order to simulate the flow field numerically [24] . The so-called Top-hat filter [25] is applied for dividing the quantities into filtered and unfiltered quantities. The Favre-averaged and Smagorinsky model [25] are used for averaging of the filtered quantities in Navier-Stokes equations and modeling the unfiltered quantities, respectively. In this study, C++ library OpenFOAM is used for numerical simulation. Here the flow solver is based on the PISO algorithm [26] . The DRM-22 which is a reduced version of the GRI1.2, models the chemical kinetics [26] ; it consists of 22 species and 104 reversible reactions. The time step is about 10 -6 s, which is reduced to 10 -8 s when the combustion starts.
Large eddy simulation
The naturally three dimensional and unsteady turbulent flows are often influenced by strong non-homogeneous effects and rapid transformations which prevent using the isotropic models in simulations. The modified sub-grids methods which can improve LES methodologies are also presented, although their usage is confined due to their natural complexity. Therefore new methods for simulating the sub-grids scale are in progress. In common methods some models are presented to consider the effects of subgrids scale in filtered Navier-Stokes equations [27] . LES is more common than the other models. In this model at first large scales should be solved with energy which is given to them. For this purpose the effect of the small scales which are waste, should be considered in energy balance. In LES methodology, the filter is used to separate the large scales from small ones [28] . Therefore all variables like f are divided into two parts, grid and sub-grid. In other words, where is sub-grid tension. In variable density flow where [28] . By filtering the variables in the compressible Navier-Stokes equations, the instantaneous filtered equation leads to the following equations. A more detailed discussion can be found in the textbooks by Poinsot and Veynante [29] .
(1)
In the above equations, the symbols ˜ and ¯ indicate filtered Faver and filtered quantities, respectively, and u is the velocity vector, p is the pressure, r is the flow
density, h is the enthalpy, Y k is the mass fraction of k th species, and d is the Kronecker delta. The isentropic contribution, T kk , in equation (which is twice the sub-grid scale turbulent kinetic energy) is unknown and usually absorbed into the filtered pressure. Furthermore, Sc t and Pr t are considered as unity. All terms in the above equations are closed except the species transport's (Eq. (2)) source term. Furthermore the sub-grid scale kinetic energy obtained by, (5) The μ SGS is the sub-grid scale viscosity; e SGS is the sub-grid scale dissipation, t is the stress tensor which are computed according to the expressions, (6) (7) (8) where, C k and C e are set to 0.2 and 1.048 in this study. In addition the grid scale rate of stress tensor ( ) is defined as follows:
The DRM-22, a reduced version of the GRI1.2, models the chemical kinetics; it consists of 22 species and 104 reversible reactions. Finally, reaction mechanism is expressed in equation (10), (10) In the above relation, k fj and k bj are constant rates of equilibrium reaction. Furthermore, the filtered species reaction rates are, (11) In which the j th reaction rate is: (12) where, according to Equation (3), Y i is the mass fraction of specie i.
PaSR method
The turbulent flow is related to the combustion terms using the PaSR method. In PaSR method each computational cell is divided into two parts, reactive and unreactive. In reactive part it is supposed that the participant components in reaction are mixed well, which is the main assumption of PSR method. The final mixture consists of both burned and unburned gases as the results of reactive and unreactive parts respectively. The ratio of reactive to unreactive parts in PaSR is calculated as [26, 30] :
In the above equation is mixing time and C mix is equal to one. The value of time step in the chemical reaction (t c ) is determined based on total molar concentration in each computational cell and average of its variations. The value of the depreciation rate of sub-grid vortex ( ) is evaluated as: (14) The constant value in the above equation is considered to be the standard value of the model which is equal to 1.048. Based on PaSR model, the rate of molar concentration changes of chemical components is estimated by equation (15) . (15) In this equation, and are the values of final concentration and initial concentration of species i, respectively. Also, residence time (t res ) is equal to time step of the solution. It should be noted that the relation between PaSR method and LES methodology is based on reaction rate. Therefore, by using this method (R) the species transport equation changes to the equation below:
Entropy generation
The irreversibility in fluid flow is caused by heat transfer and viscosity. Entropy generation in this collection, by determining the temperature and velocity profile, is considered as below:
First and second terms of equation (16) are associating the heat and chemical, correspondingly:
F is presented in equation (20), (20) According to the Honig [31] researches, entropy generation is caused by heat transfer, friction and also it is caused by species dispersion especially reaction rate in combustion phenomena. These values can be obtained for species dispersion and reaction rate as below:
Where m M,i is molar chemical potential for species i, the (i) component coefficient in reactant side is and is the same species coefficient but in product side. For calculating the entropy generation rate in the whole combustion chamber and in Cartesian coordinates it is presented as: (23) 
Discretization
The discretization scheme with higher order is needed in LES methodology, because the sub-grid terms covering using leading-order truncation error should be prevented. Totally, sub-grid terms are proportional with D p such that 4/3<P<2. The filter width (D) is usually related to generated grids and also produces the modeled sub-grid scale stresses and flux parameters whereas their magnitude are equal to O(|d| p ). It should be λ ( ) ( ) ( ) ( )
considered that |d| is magnitude of grid in Dϰ|d|. In LES methodology, spectral or pseudo spectral, and high-order finite volume or finite difference methods are used for spatial discretization, and explicit semi-implicit or predictor-corrector methods of at least second-order accuracy is used for time integration. On the other hand LES methodology does not usually filter for time domain, therefore, it should be solved for those scales in which (-t < t k ) where -t is time step and t k is Kolmogorov time scale. Furthermore, Courant number lower than 0.2 is suitable while only large scale should be remained.
According to definition of cell average approximation f on the p th -cell, Gauss theory is used to extract the semi discretization equations of LES methodology.
All the calculations are preceded by utilizing OpenFOAM environment and due to entropy generation computation, the numerical codes of C++ is added to OpenFOAM solver. It should be pointed out that the computations are done with getting help from parallel processing center of Ferdowsi University of Mashhad.
GEOMETRY AND BOUNDARY-CONDITIONS
The combustion chamber which, considered in the present work is shown schematically in Fig. 1 . The oxidizer was supplied through the central channel with an injection velocity of 80 m s -1 . The fuel was supplied through two injectors with an injection velocity of 110 m s -1 . According to the Fig. 1 , the fuel injectors were located 0.280 m away from the combustion chamber centerline. In addition, the diameters of fuel, oxidizer, and outlet nozzle are 0.0273, 0.125, and 0.75 m, respectively. Moreover, the 394 Numerical investigation of the flameless oxidation of natural gas in the IFRF furnace using large eddy simulation length, width, and height of the combustion chamber are 6.25, 2, and 2 m, individually. The inlet velocity, temperature, and composition of fuel/oxidizer are also illustrated obviously in table 1 in order to compare the numerical results with the available experimental data [23] . No slip, impenetrable and constant temperature conditions are applied for walls. Additionally the pressure of the outlet is constant and is considered to be 1 atm.
GRID INDEPENDENCY TEST
In order to obtain the optimum number of grids in terms of speed, accuracy of solution, and grid independency, the model has been solved with 10 different sizes of grids, and the results have been reported as an average temperature chart on the central line (Z direction), average temperature at the outlet of the combustion chamber and average speed at Z = 3.1 m. According to Fig.2 , when the number of the Effect of different cell numbers. computational cells is more than 3.8 ¥ 10 6 , the results will approximately be constant. Considering this low deviation and the computational costs, grid with 3.8 ¥ 10 6 cells has been used in this work.
RESULT AND DISCUSSION

Solution validation process
Pope [32] and Veynante [33] stated that the simulation of LES methodology has high accuracy while the ratio of kinetic energy to turbulence-resolution tolerance (a) is more than 80%. Figure 3 indicates Y-direction variations of a in four sections 0.4, 1.4, 3, and 5.5 m from the inlet nozzles. It is observed that the amount of a reaches more than 89% in all parts of the surface. Thus, LES methodology's accuracy for current model stimulation is confirmed. In order to comparison of PDF model results [23] with results of the present study, Fig. 4 displays temperature profile and NO x emission in Y-direction where z axis is equal to 0.73 m. As it is evident, to compare with experimental data the accuracy of the numerical results of present study is much greater than PDF model [23] . The errors which are appeared in PDF method in most points are caused by inability of this model to predict the local extinction probably. The result shows the ability of LES methodology to the prediction of the FLOX behavior. numerical results, the following formula is used to calculate the correlation coefficient statistical parameter, i.e., R [34] . Higher value for this parameter indicates more accurate numerical solution.
As is shown in Figs After ensuring the accuracy of the simulation method, the combustion behavior is examined by using fuel injection with an angle in the combustion chamber, adding H 2 O, H 2 , and also the variation of inlet Reynolds number on several parameters. Figure 7(a-b) shows the flow path while without chemical reaction for different cases of injection, including direct injection and injection with an angle. The combustion chamber is divided into zones 1 and 2 based on the location of the fuel and the oxidizer collision region. As it is seen in Fig. 7(a-b) , using direct injection leads to collision of the inlet streams in zone 2, while the fuel injection with angle leads to the flow collision in zone 1. Thus, there are more opportunities and time for the mixing of fuel and oxidizer. Additionally, it is clear that, whatever the injection angle increases, the location of mixing flows (fuel and oxidizer) moves closer to the inlet region, and the inlet jets collide more rapidly, which increases the turbulence intensity. Figure 8a shows the variation of the average sub-grid kinetic energy for various fuel injection angles in the axial direction (along the z axis). As it is evident, applying injection with an angle, the amounts of maximum and local sub-grid kinetic energy in the combustion chamber are increased. As turbulence intensity is the main factor of better mixing, consequently using this kind of injection provides perfect combustion and effectively decreases pollutant, which results in higher efficiency. On the other hand, according to the Fig. 8b , the average reaction rate is increased by using injection with an angle. Attention to Eq. (15), the rate of molar concentration changes of chemical components is dependent on the net rate of reaction, then, applying injection with an angle into the combustion chamber is increased the rate of molar concentration changes of chemical components. Therefore, the results of Figs. 8(a-b) prove the more complete combustion. Figure 9 (a-d) shows the variation of maximum flame temperature with varying fuel injection angle. In all cases of Fig. 9 , the maximum flame temperatures increase with increasing the fuel injection angle. Cavaliere and Joannon [2] have expressed that FLOX technology is, generally, relevant if the inlet temperature and the temperature rise (T max -T oxi ) are, respectively, slightly higher and lower than the auto-ignition one. The flow paths of air and fuel in the combustion chamber. Distribution of (a)-average sub-grid kinetic energy and (b)-a average reaction rate through the z-direction for different injection angles. Flameless oxidation mode may satisfy with the condition of (T max -T oxi .) < T fl < T oxi. , where T max is maximum flame temperature, T oxi oxidizers temperature, and T fl flammable temperature. Meanwhile, the condition (T max -T oxi .) > T fl is satisfied with high-temperature combustion mode. Anyway, Fig. 9 shows that the maximum combustion temperatures increase by growing the fuel injection angle. With respect to the above description, increase the angle up to 10°, there is a Flameless combustion. But at an angle of 15°, due to the increase in combustion temperature, Flameless combustion conditions are eliminated and there is a high temperature combustion process. Furthermore, the position of the maximum temperatures moved toward to the inlet nozzles, by raising the angle of injection.
Effects of change the fuel injection angle
The effect of the applying fuel injection with an angle on radiation to burner's wall is clearly seen in Fig. 10 . As it is clear, using the fuel injection with an angle into the combustion chamber increases the amount of radiation to the walls of the combustion chamber. As already discussed above, the amount of temperature is increased, and thus increasing the amount of radiation to the combustion chamber's wall is expected to be over. Fig. 11 (a-d) indicates the average entropy distribution in the combustion chamber for different kinds of fuel injection. In this figure, it can be clearly seen that, applying fuel injection with an angle increases the entropy generation. Increase the entropy generation due to the increase in the reaction rate according to Eqs. (20) and (21) is predictable. Additionally, in section (2.3) it is shown that, the entropy generation increases by applying injection with an angle into the combustion chamber for two reasons: increase in the reaction rate and pressure gradients, which are the source of entropy generation.
Effects of adding H 2 O (Vapor)
Dilution is a method in which by adding a dilutor (which has a high thermal capacity), the thermal capacity of the mixture increases and this leads to lower temperature inside the furnace and less pollutant emissions [35] . This section shows the effect of using the H 2 O vapor (0, 7.5, and 15% Vol.) to the combustion. H 2 O vapor raises the thermal capacity of the mixture and thermal absorption, therefore leads to lower flame temperature and NO x production [36] . Figure 12 (a-c) shows the average temperature profiles for three different cases. As the vapor enters the combustion chamber, the maximum temperature decreases. In fact, the vapor acts like a thermal sink and absorbs the combustion chamber heat. For vapor percent of 0, 7.5, and 15, the maximum temperatures are about 1670, 1575, and 1530 K, respectively. Nevertheless it should be noted that the vapor injection does not lead to a remarkable change in the flow pattern. Figure 13 (a-c) shows the average NO x profiles according to ppm. As it is expected, the maximum value of NO x has been formed at the point with the maximum temperature. In fact, the basic duty of vapor injection is to reduce flame temperature pick. In this case the vapor reduces the flame temperature, by reaching this effect to the heart of combustion flow field, without making any change to flow pattern. By
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Numerical investigation of the flameless oxidation of natural gas in the IFRF furnace using large eddy simulation Figure 11 : Distribution of entropy generation average (kJ.K -1 .S -1 ) (horizontal axis = x-coordinate, vertical axis = z-coordinate). temperature reduction, there will be no enough energy to break the molecular bonds of nitrogen. Furthermore, Fig. 14 shows the mass fraction of CO along the Z-direction. CO forms at the low temperature regions. As this is evident from figure, CO value is the minimum at high temperature region in counter to NO value.
According to the above description, although the NO x value has decreased about 18.5 percent, but the mass fraction of CO has increased about 37 percent. This is a limit for vapor injection. Dilution combustions may lead to some defects, such as extinction, low combustion efficiency, and high compactness of CO. A practical solution to overcome these defects is to inject reactive fuels such as hydrogen [37] [38] [39] 
Effects of adding H 2
In this section the effect of fuel hydrogen content on temperature distribution, entropy generation, not consumed CH 4 , mass fraction of CO, and NO formation in FLOX technology is studied by increase in the hydrogen content of fuel mixture from 0% (by vol.) to 20% for condition of Table 2 . According to Figs. 15 (a-d) , it can be seen that the maximum of temperature increases for higher hydrogen concentrations. Followed by, based on the second law of thermodynamics, the entropy generation increases by raising the value of H 2 (see Fig. 16a ). It is predictable as a result of higher reactivity of hydrogen in comparison with CH 4 . Moreover, Figure 16b shows the changing of CH 4 mass fraction on the Stoichiometric line at several distances from inlet nozzles. It should be noted that, the amount of CH 4 is not the amount of fuel consumed. Due to the flammability of hydrogen compared to CH 4 is higher, the amount of not consumed fuel decreased by increasing the value of H 2 . Fig. 16c shows a decrease in the mass fraction of CO by intensification of fuel hydrogen content, because the temperature has increased. Furthermore, the NO x formation increases with increasing the H 2 concentration, which means the NO formation routes, are suppressed at lower H 2 levels (see Fig. 16d ).
Effect of inlet Reynolds Number
In this section, changing the combustion characteristics is studied by increasing the inlet Reynolds number up to 15%. Results of several Reynolds numbers are compared with Figure 17 shows an in reduction maximum of axial temperature profile at higher Reynolds number. Furthermore the NO mass fraction is decreased by increment of inlet Reynolds number. The numerical results of Mardani et al. [17] and also the experimental results of Medwell et al. [40] show that there is a marginal increase in temperature by the decrease of jet Reynolds number, although the concentration of intermediate species like CH 2 O has decreased. Maybe it is because of higher heat transfer from reaction zone and also incomplete combustion due to increase of flow velocity. Although an increase in temperature and also the flow residence time at lower Reynolds number could be an acceptable reason of higher NO x formation for the present experimental setup.
CONCLUSION
This study has performed a numerical investigation of the characteristics of FLOX technology in the IFRF Furnace using Large Eddy Simulation model and OpenFOAM environment. The effect of different fuel injection angle and operating parameters on the vitiation and establishment of FLOX technology has been presented. These parameters include the mass fraction of fuel diluents (H 2 O), adding H 2 , and also the inlet Reynolds number. These data have been used to investigate the resulting first collision distance, the impact on maximum average temperature, sub-grid kinetic energy, net reaction rate, entropy generation, mass fraction of CO, and NO emission of the FLOX technology. To verify the suitability of the CFD model and initial and boundary conditions, a comparison was made to average velocity and temperature distributions for selected reference cases measured by Mancini et al. [23] . The model was found to agree reasonably well with published experimental data. The modeling study has demonstrated that varying each of the inlet parameters can considerably influence the characteristics of the FLOX technology. The important obtained results are following:
• As more as the fuel injection angle increases, the fuel and oxidizer flows meet in a shorter length and the flows collide together with more strength. This leads to a significant increase in sub-grid kinetic energy, reaction rate and radiation heat transfer to the walls. Besides, by increasing the fuel injection angle the maximum combustion temperature rises significantly until that for the injection angles more than 15 degrees, the combustion paradigm is high temperature combustion rather than Flameless combustion. Moreover, the entropy generation increases because of the reaction rate increase in the combustion process.
• Vapor injection leads to a reduction in temperature pick and NO x emission. But, the CO emission increases and this exerts a limitation for using water as an oxidizer.
• While using Hydrogen as a fuel in the combustion process, the temperature, entropy generation and NO x generation increases and the CO and unburned CH 4 decrease due to the high flammability of the hydrogen.
• By increasing the inlet Reynolds number, the maximum combustion temperature and NO x emission decreases, and the CO emission increases. This occurs because the flow velocity and heat transfer from the reaction zone increases.
